in response to soil saturation (e.g., overbank flooding, precipitation events), in particular, is 48 hypothesized to be the primary control on the sequestration of mercury in soils as metacinnabar (β-HgS) 49 (Barnett et al., 1997) and the formation and release of methylmercury (MeHg) (Balogh et al., 2004 ; 50 Regnell et al., 2009; Barringer et al., 2010) , the form of mercury that bioaccumulates in organisms 51 (Mason et al., 1996) . As a result of counteracting processes, it is unclear if transient redox conditions 52 from periodic soil flooding increase or decrease mercury mobility and bioavailability. An improved 53 biogeochemical understanding of mercury mobilization and transformation in riparian soils is needed to 54 predict the long-term fate of mercury in terrestrial and aquatic environments, particularly under 55 scenarios of contaminant remediation and land or water use changes. 56 Divalent mercury (Hg(II)) usually predominates in contaminated soils (Biester et al., 2002 ; 57 5 2012; Pham et al., 2014) . Dissolved organic matter stabilizes β-HgS particles as small as 3-5 nm in 83 diameter by slowing particle growth rate (Deonarine and Hsu- Kim, 2009 ) and limiting particle size and 84 crystallinity (Ravichandran et al., 1999; Gerbig et al., 2011) . Previous laboratory studies of flooded soils 85 demonstrate the mobilization of other trace metals from soils as nanoparticulate sulfide minerals 86 (Weber et al., 2009a ) and the co-mobilization of mercury with copper (Hofacker et al., 2013) . 87
Transient redox conditions as a result of periodic soil flooding also influence the formation of 88 bioavailable MeHg and dissolved gaseous mercury (Hg were determined based on Hg T measurements made on the same microcosm pore water sample. 257
Major element (Fe, Al, Si, Mn, Na, K, Mg, Ca) and trace metal (Cu, Ni, Pb, Sr, Zn) concentrations 258 were determined on samples preserved with 1% v/v 15.7 M HNO 3 by ICP-AES and ICP-MS, respectively. 259
One outlier in measured filter-passing zinc (0.9 µM) and nickel (7.14 µM) concentrations in the O a 260 horizon microcosm sampled at 14 d was omitted. Inorganic anions (Cl -, NO 3 -, SO 4 2-) and organic acids 261 (acetate, formate, propanoate) were quantified by ion chromatography (IC; Dionex IonPac® AS14A 262 column). Total iron and Fe(II) were quantified by a ferrozine assay on samples preserved with 1% v/v 263 6 M HCl ; Fe(III) was determined as the difference between total iron and Fe(II). Sulfide 264 was measured immediately after sample collection using a methylene blue assay (Hach 2700 265 spectrophotometer; dilution-corrected detection limit of 0.4 µM). DIC concentrations were determined 266 by alkalinity titration (Barringer and Johnson, 1996) . DOC concentrations were determined by persulfate 267 13 oxidation (OI 700 carbon analyzer) and corrected for carbon from quantified organic acids. Experimental 268 blanks did not show appreciable levels of DOC (< 0.02 mM) after 36 d. 269
The redox state of samples for UV-vis absorption measurements was maintained prior to 270 analysis to minimize optical interference by Fe(III) (Poulin et al., 2014) . Cuvettes were filled in a 271 glovebox, capped, and brought out for immediate spectrometric analysis. UV-vis absorption spectra 272
were measured from 190-800 nm using a spectrophotometer (Agilent Technologies, model 8453) and a 273 1 cm quartz cuvette. Sample spectra were measured with respect to a blank spectrum containing high 274 purity water. Decadic absorbance values were converted to Napierian absorption coefficients as follows: 275 (2) 276 where is the Napierian absorption coefficient (cm where is the Napierian absorption coefficient at the specified wavelength, is the Napierian 281 absorption coefficient at the reference wavelength, and S is the slope fitting parameter (Green and 282 Blough, 1994). The spectral slope ratio (S R ) was defined as S : S 350-400 and has been inversely 283 correlated to DOM molecular weight (Helms et al., 2008) . Laboratory addition experiments confirmed 284 that Mn(II) did not interfere with S R measurements (details provided in the Electronic Annex, Fig. EA-4) . 285
Changes in the pore water ionic strength were estimated in Visual MINTEQ (Gustafsson, 2014) The goal of this experiment was twofold: (1) to investigate whether the same processes control 293 mercury dynamics in intact, undisturbed soil matrices as in loose, sieved soil, and, (2) to assess the 294 importance of sequential flooding periods on mercury release behavior. Experimental details are 295 provided in the Electronic Annex. Briefly, lysimeters were inserted into the soil core to sample O a (5 cm 296 below soil surface) and A horizon pore waters (23 cm below the soil surface) (Fig. 1b, Fig. EA-2c ). The soil 297 core was flooded with high purity water from the bottom (Lewis and Sjöstrom, 2010) . A constant water 298 height was maintained about 3 cm above the soil surface using a Mariotte bottle. Pore waters were 299 sampled over 17 d of flooding, at which point the soil core was drained from the bottom and exposed to 300 air for 28 d. Following the drained period, the soil core was flooded for another 36 d. Pore water 301 samples were collected by connecting lysimeters to N 2 -filled acid-cleaned serum bottles in which a 302 vacuum was maintained and processed immediately in an anoxic glovebox. Pore water samples were 303 diluted with deaerated high purity water. Because of limited sample volume, pore water samples were 304 analyzed for a selected set of parameters that included filter-passing Hg T , DOC, DIC, and anions (Cl -, NO 3 -
305
, SO 4 2-) using methods described in Section 2.4. 306
Mercury Speciation in Microcosm Soils 307
Mercury speciation in O a and A horizon soil prior to flooding (t = 0 d) was determined previously 308 (Manceau et al., 2015) . In this study, we report spectroscopic analysis of O a horizon soil recovered from 309 microcosm incubations after 36 d of flooding for comparison (t = 36 d). Soil was recovered from 310 microcosms immediately after pore water sampling, homogenized, frozen under a N 2 atmosphere, 311 freeze-dried, and immediately placed under a N 2 headspace. The clay-size fraction was isolated to obtain 312 15 sufficient mercury concentration for HR-XANES analysis, which is detailed in the Electronic Annex. 313
Samples were prepared as pressed pellets and cooled to 10 K using a liquid He cryostat in order to 314 minimize radiation damage (e.g., X-ray photoreduction of Hg(II) to Hg total mercury concentration were quantified; Hg 0 is expected to volatilize from soils at a temperature 334 ≥ 80 °C. Next, the concentration of total mercury released to oxic and deaerated high-purity water was 335 quantified using the solid:liquid ratio and equilibration times outlined by Bloom et al. (2003) . 336
Construction of pH -E H Stability Diagrams 337
Thermodynamic models of soil pore waters were constructed using the Act2 module of The 338
Geochemist's Workbench (v. 10.0.3) (2014) at 25 °C. The speciation of mercury and sulfur were modeled 339 as a function of pH and E H using equilibrium constants for reactions listed in Table EA The O a horizon soil contained more organic matter, less mercury, and fewer clay minerals in comparison 369 to A horizon soil. In both soils, quartz and K-feldspar were the main non-clay minerals, and illite, 370 kaolinite, and vermiculite were the dominant clay minerals. Goethite was the only Fe(III) oxyhydroxide 371 detected and it accounted for ≤ 0.7% by weight in each soil. Soil mercury concentrations were elevated 372 in the O a horizon (72.8 µmol kg Fig. EA-7a ). Mercury was concentrated in the clay-size fraction (< 2 µm) (239 and 952 µmol kg -1 in 375 O a and A horizon, respectively) ( Table 1) . Other chalcophile metals (copper, lead, zinc) and nickel were 376 also present in the soils at appreciable levels (Table 1) . 377
Microcosms: Pore Water Chemistry 378
In the microcosms, the dynamics of dissolved redox pairs predominantly followed that predicted 379 based on the sequential reduction of terminal electron acceptors (Kirk, 2004) . Although atmospheric 380 oxygen was not present at the onset of soil flooding, the dynamics of terminal electron acceptors 381 occurred at similar flooding times to those observed in microcosm experiments conducted in the 382 18 presence of atmospheric oxygen (Weber et al., 2009a; Hofacker et al., 2013) (Fig. 2) . Pore water E H 383 dropped immediately following soil inundation (Fig. 2a, 2h ) and nitrate levels were always below the 384 detection limit in both soils (< 0.8 µM; data not shown). The release of manganese and iron to pore 385 waters (Fig. 2b, 2i ) is assumed to arise from the reductive dissolution of Mn(III,IV) and Fe(III) 386 (hydr)oxides and contribute to the increase in pore water pH with flooding time (Fig. 2a, 2h) (Kirk, 2004) . 387
Filter-passing iron was confirmed to be Fe(II) by ferrozine assay (data not shown). The appearance of 388 Fe(II) in pore water samples occurred concurrently with sulfate reduction in O a horizon microcosms 389 (Fig. 2b, 2c ), but followed sulfate reduction in A horizon microcosms (Fig. 2i, 2j ). Pore water sulfate was 390 exhausted after 11 and 13 d in the O a and A horizon systems, respectively (Fig. 2c, 2j ). (Fig. 2d, 2k) . DIC concentrations increased linearly over the experiment (Fig. 2e, 2l ) 396 presumably as a result of microbial respiration. Concentrations of alkaline earth metals (calcium, 397 magnesium, and strontium) increased with flooding time (Fig. EA-8 ) likely due to cation competition by 398 Fe(II) and Mn(II) for soil exchange sites (Kirk, 2004; Weber et al., 2009b) . 399
Pore water DOC concentrations (total DOC after subtracting for acetate-carbon) increased with 400 flooding time (Fig. 2f, 2m) horizon pore waters between 1-18 d flooding time followed by acetate depletion between 18-30 d 408 (Fig. 2f) . The onset of methanogenesis, as indicated by the increase in headspace methane (Fig. 2d) and A horizon pore waters were estimated to increase from 12 to 31 mM and 3.0 to 9.7 mM between 1-417 36 d, respectively (Fig. EA-8d, EA-8h) . 418
The mobilization of copper, zinc, and nickel to pore waters as a result of soil flooding was also 419 observed. In both soils, concentrations of filter-passing copper were greatest at the onset of flooding 420 and decreased with flooding time, whereas particulate copper concentrations increased between 1-5 d 421
and decreased between 7-14 d (Fig. 3a, 3e) . Filter-passing concentrations of zinc were similar to those of 422 filter-passing copper (Fig. 3b, 3f) , while filter-passing nickel levels increased with increased flooding time 423 (Fig. 3c, 3g) . Particulate zinc and nickel were negligible. Other chalcophile metals observed to influence 424 multi-metal contaminant mobility in saturated soils (e.g., lead) (Weber et al., 2009b) were below 425 detection limits (< 0.9 nM). 426
Microcosms: Pore Water Mercury Dynamics 427
The behavior of total mercury in O a horizon microcosms showed three distinct stages (Fig. 4a) . 428
Filter-passing Hg T rapidly increased between 1-2 d (stage 1), decreased between 2-7 d concurrent with 429 20 the period of sulfate reduction (Fig. 2c) (stage 2) , and persisted at low levels (about 4 nM) between 11-430 36 d (stage 3). The dynamics of particulate Hg T were similar to those of filter-passing Hg T (Fig. 4a) . Levels 431 of Hg 0 (aq) were low over the entire flooding period aside from a small increase at 3 d (Fig. 4b, Fig. EA-9a) . 432
Concentrations of filter-passing MeHg increased between 1-25 d and slightly decreased between 25-433 36 d (Fig. 4c) . MeHg represented a moderate to low percentage of filter-passing Hg T at 1 and 3 d (1.4% 434 and 0.2%, respectively), but it accounted for a high percentage of Hg T at 14 and 25 d (8.8% and 9.2%, 435 respectively). In contrast, concentrations of particulate MeHg (Fig. 4c ) mainly mimicked those of 436 particulate Hg T (Fig. 4a ) and accounted for < 0.2% of particulate Hg T at all sample times. 437
Mercury release dynamics in A horizon microcosms also displayed three stages, but contrast 438 with those described above for O a horizon systems. Filter-passing Hg T concentrations were low in A 439 horizon pore waters at the onset of flooding (≤ 3 d) (stage 1), exhibited an increase of about 18-fold 440 between 5-18 d (stage 2), and reached a plateau between 24-36 d (Fig. 4d) (stage 3) . Levels of 441 particulate Hg T showed greater variability in comparison to filter-passing Hg T at early flooding times, but 442 showed a trend of increasing concentration with flooding time similar to those observed for filter-443 passing Hg T (Fig. 4d) . Trends in Hg 0 (aq) were similar to those of filter-passing Hg T (Fig. 4e, Fig. EA-9b) . (Fig. EA-9b) . Concentrations of filter-passing and particulate MeHg 448 exhibited similar trends to those of Hg T , with concentrations increasing with flooding time (Fig. 4f) . In 449 contrast to O a horizon soils, MeHg accounted for < 0.5% of filter-passing and particulate Hg T at all 450 sample times. 451 21
Mercury Speciation in Microcosm Soils 452
Changes in mercury speciation of O a horizon soil in response to flooding were quantified using 453 HR-XANES spectroscopy. (Fig. 5b) (Manceau et al., 2015) . 464
Statistical analysis of spectra in the 12.2792 and 12.2890 keV regions shows that the difference is 465 significant at the 1 level (3%); therefore, a shift in mercury speciation caused by flooding the O a horizon 466 soil was detected but was minor. Hg 0 was not detected in HR-XANES spectra of O a and A horizon soils 467 (Fig. EA-5 ) or by the soil heating assays and mercury leach test (Table EA -2), confirming that neither soil 468 contained appreciable levels of Hg 0 at t = 0 d. 469
Intact Soil Core: Pore Water Chemistry 470
A subset of analyses that included nitrate, sulfate, DOC, and DIC were performed on pore waters 471 collected from the intact soil core over the two sequential flooding periods (Fig. EA-10) . In pore waters 472 sampled from the O a horizon, nitrate concentrations were at or below the detection limit (0.8 µM) 473 during flooding period 1 (0-17 d) (Fig. EA-10a) . Sulfate reduction occurred in O a pore waters between 2-474 15 d of flooding period 1. The soil core was drained, exposed to air for 28 d, and flooded again for 36 d. 475
Both nitrate and sulfate levels were elevated at the onset of the flooding period 2 (45-80 d) and 476 decreased with flooding time presumably by microbial reduction (Fig. EA-10a, EA-10b) . Elevated 477 concentrations of nitrate and sulfate, observed at the onset of flooding period 2, were likely generated 478 through aerobic nitrification (Reddy et al., 1984) and abiotic sulfide oxidation (Burton et al., 2009 ); this 479 result suggests the thorough oxidation of the soil core during the drained period. In comparison to the 480 microcosms (Fig. 2c, 2j) , sulfate concentrations in the intact soil pore waters were greater at the onset 481 of flooding and persisted at later flooding times (Fig. EA-10b) , which suggests the rates of anaerobic 482 respiration in intact soils were slower. Levels of DIC and DOC increased in intact soil pore waters with 483 increased flooding time during both flooding periods (Fig. EA-10c, EA-10d ). The concentration of DOC 484 released to O a horizon pore water was lower at the onset of flooding period 2 compared to flooding 485 period 1 (Fig. EA-10d ). Relative differences in DIC and DOC concentrations between O a and A horizon 486 pore waters were comparable to results from microcosms. 487
Intact Soil Core: Mercury Release Dynamics 488
During flooding period 1, mercury release dynamics in saturated intact soils mirrored those 489 observed in microcosms. In the O a horizon, concentrations of filter-passing Hg T increased rapidly 490 following soil inundation with a peak concentration observed at 4 d (Fig. 4g) . A gradual decline in filter-491 passing Hg T was observed between 4-17 d coincident with the decrease in sulfate (Fig. EA-10b (Fig. 4g) , which was in contrast to mercury release behavior during 495 flooding period 1. In the A horizon, mercury dynamics during flooding period 2 were similar to flooding 496 period 1 and increasing to a plateau between 52-79 d (Fig. 4h) . Concentrations of filter-passing Hg T were 497 1.3-2 orders of magnitude lower in pore water samples collected from intact soils in comparison to 498 microcosms (Fig. 4) . Mercury release curves for intact soils were defined by multiple data points and the 499 23 average total volume of pore water sampled at any time represented ≤ 1.2% of the estimated total pore 500 volume, which suggests that trends in filter-passing Hg T were not an artifact of the sequential sampling 501 of pore waters from intact soils. 502 503 
DISCUSSION

E H -pH Diagrams of Soils 505
Distinct differences in mercury transformation and release dynamics in O a and A horizon soils 506 during flooding reveals spatial and temporal variability in the biogeochemical controls on contaminant 507 mobilization along the soil profile. The results are interpreted in part using E H -pH diagrams (Fig. 6) that 508
show the equilibrium configuration of dominant aqueous, gaseous, and solid mercury species expected 509 in the microcosms. The E H -pH diagrams ( (Fig. 6a) . 517 Therefore, the E H -pH diagram suggests that mercury speciation in the O a horizon changed with increased 518 flooding time from Hg(II) binding to thiol groups in SOM to β-HgS precipitation to Hg 0 (aq) production. In A 519 horizon microcosms, the measured E H and pH were within the Hg(RS 2 ) SOM field over the first 2 d, the 520 Hg 0 (aq) field over 2-7 d, and the β-HgS (s) field over 11-36 d (Fig. 6b) . This suggests that mercury speciation 521 24 in the A horizon changed with increased flooding time from Hg(II) binding to thiol groups in SOM to 522 Hg 0 (aq) production to β-HgS precipitation. Considering these E H -pH diagrams, and recognizing that such 523 diagrams do not account for kinetic factors influencing mercury speciation, the processes governing 524 mercury dynamics in O a and A horizon soils are examined in the following sections. 525
O a Horizon: Mercury Mobilization with Organic Matter and Sequestration as β-HgS 526
Based on results from the microcosm experiments, the observed rapid mobilization of Hg T to O a 527 horizon pore waters was likely coupled to the release of organic matter. Mercury mobilization was 528 coincident with a sharp decrease in S R (Fig. 2g, 4a) indicating a shift to DOM of greater molecular weight, 529 a property that co-varies with aromaticity and hydrophobicity (Chin et al., 1994) (Fig. 5a) , which supports the hypothesis of mercury mobilization with organic matter. Furthermore, the 537 measured E H and pH were primarily within the Hg(RS 2 ) SOM field of dominance during mercury 538 mobilization (stage 1) (Fig. 4a, 6a) . Hg T at > 1 d (Fig. 4a) . 546
The decrease in filter-passing Hg T between 3-7 d (stage 2) (Fig. 4a) is explained by the 547 sequestration of mercury as authigenic nanoparticulate β-HgS during a period of sulfate reduction 548 (Fig. 2c) . This hypothesis is supported by (1) HR-XANES results that identify a modest increase in the 549 fraction of mercury as nanoparticulate β-HgS as a result of soil flooding (Fig. 5) and (2) overlap between 550 the measured pH and E H and the β-HgS field of dominance between 3-7 d (Fig. 6a) . Assuming mercury 551 was mobilized as Hg(II) complexed to DOM, the sulfide concentration measured at 3 d (0.8 µM) is 552 sufficient for sulfide to outcompete DOM thiol groups for Hg(II) (Gerbig et al., 2011; Graham et al., 553 2012) . The formation of β-HgS in O a horizon pore water may be responsible for the delayed maximum in 554 particulate Hg T relative to filter-passing Hg T (Fig. 4a) . The increase in pore water ionic strength with 555 increased flooding time (Fig. EA-8d ) may have also contributed to the decrease in Hg T by promoting 556 particle deposition (Weber at al., 2009a) . The possibility that β-HgS formed through interactions with 557 other metal sulfides is discussed in Section 4.5. Persistent Hg T at nanomolar concentration after the 558 depletion of pore water sulfate (11-36 d) was likely due to the stabilization of nanoparticulate β-HgS by 559 DOM (Deonarine and Hsu-Kim, 2009; Slowey, 2010; Gerbig et al., 2011) . 560
Assuming that filter-passing and particulate Hg T released to pore waters was sequestered in soils 561 as β-HgS (1.7 µM Hg T released between 1-11 d; Fig. 4a ), the fraction of β-HgS in O a horizon soil is 562 predicted to have increased by 2.3%, which is in good agreement with the observed 3% increase in β-563
HgS quantified by HR-XANES analysis (Fig. 5) . Under the assumption that all SOM-bound Hg(II) was 564 available to react with sulfide at the onset of flooding (17 µmol kg Trends for mercury release in the O a horizon of intact soils during flooding period 1 (Fig. 4g ) 575 agree with trends from the microcosms (Fig. 4a) . These results substantiate that mercury mobility in 576 undisturbed surface soils is also controlled by mobilization with organic matter, which is supported by a 577 field study of East Fork Poplar Creek (Riscassi et al., 2015) . Furthermore, mercury immobilization is 578 controlled by the formation of β-HgS during sulfate reduction. In comparison to the microcosms 579 (Fig. 2c) , anaerobic conditions developed at a slower rate in the intact soils as evidenced by sulfate 580 dynamics ( Fig. EA-10b ), which are reflected in slower kinetics of mercury release and immobilization 581 (Fig. 4a, 4g) . horizon of intact soils (Fig. 4g) . The formation of nanoparticulate β-HgS during sulfate-reducing 592 conditions in flooding period 1 likely depleted the labile mercury pool associated with SOM. This 593 inference is supported by similar mercury release trends of the O a horizon soil during flooding period 2 594 and those of the A horizon soil in which nanoparticulate β-HgS dominates mercury speciation 595 (Fig. 4g, 4h) . It is also possible that mercury release during flooding period 2 was influenced by the lower 596 concentration of DOC released at the onset of flooding (Fig. EA-10d field between 2-7 d (Fig. 6b) . However, the greatest increase in the concentration of Hg 0 (aq) occurred 610 between 7-14 d (Fig. 4e ) when the measured pH and E H overlapped with the β-HgS field (Fig. 6b) . 611
Disagreement between the thermodynamic model and observed persistence of Hg 0 (aq) in pore waters 612 after 7 d (Fig. 4) may be a result of the model input value for sulfur (details in Section 2.7). Pore water 613 sulfate was depleted between 11-14 d (Fig. 2j) (Fig. 4d, 4e) . 
